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ABSTRACT
Ethanol, a main active ingredient of alcoholic beverages, exerts numerous effects on behavior
through its interaction with diverse membrane and signaling molecules and effector cells. The
effects include lack of motor control, behavioral disinhibition, tolerance, sensitization and
addiction. In particular, behavioral disinhibition is typically associated with heavy drinking and
can lead to detrimental consequences such as car accidents, violent rages, risky sexual behavior
and illegal substance abuse. This research aimed to clarify the neural elements and cellular
mechanisms underlying behavioral disinhibition induced by ethanol. The neurotransmitter
dopamine (DA) is implicated in ethanol-induced behavioral disinhibition (Van Gaalen et al.,
2006). To better understand the mechanism that DA regulates ethanol-associated behavioral
disinhibition, my study focused on the D1-like receptor DopEcR, an insect G-protein coupled
receptor that binds to both DA and steroid hormone ecdysone, in the fruit fly Drosophila
melanogaster. Drosophila melanogaster is a useful model organism to study the genetic and
neural mechanisms underlying ethanol consumption, abuse and addiction (Kaun et al., 2011).
The fly brain is anatomically simple yet mediates many of the same behaviors observed in
intoxicated humans (Kong et al., 2010). Wild type flies show disinhibited inter-male courtship, a
type of cognitive behavioral disinhibition, under the influence of ethanol and behavioral
sensitization to this behavior with recurring ethanol exposures (Lee et al., 2008). We found that
DopEcR deficient (der) male flies show abnormal disinhibited courtship and sensitization as well
as altered synaptic molecule expression upon recurrent ethanol exposures. The der mutant’s
courtship phenotype was fully restored by expressing DopEcR during adulthood. This indicates a
physiological (DopEcR functions at the time of ethanol exposure), rather than developmental,
role of DopEcR for courtship disinhibition and sensitization. In addition, the der mutant’s
vi

abnormal courtship disinhibition was fully rescued by reinstating DopEcR expression in the
mushroom body (MB) neurons, indicating the important role of the MB DopEcR in ethanol
induced behavioral plasticity. Our study uncovers a key in vivo function for the novel G-Protein
coupled DA/ecdysone receptor in ethanol-associated behaviors.
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INTRODUCTION
1.1 Overview
Drug abuse and addiction cause profound medical and social issues thus are major
concerns worldwide. Specifically, ethanol abuse represents a serious problem since it can lead to
tolerance development and ultimately addiction. In the US alone, alcohol use disorders represent
a serious economic burden, costing 249 billion dollars, affecting approximately 16.3 million
adults.

Moderate to heavy drinking is a major cause of disinhibited sexual behavior and

aggression, which are reinforced with continuous ethanol abuse, and chronic consumption leads
to cognitive and motor impairments such as attention, learning and memory (Robinson et al.,
2012; Söderpalm et al., 2009). Ethanol induces similar behavioral responses in rodents and flies.
For example, ethanol intake in male rodents is associated with increased sexual motivation and
arousal (Harrison and Nobrega, 2009) while male flies exhibit disinhibited behaviors upon
repeated ethanol exposure (Lee et al., 2008) . These observations suggest that ethanol acts on the
neural system that is highly conserved between humans, rodents and flies to induce behavioral
disinhibition and such effect is reinforced with chronic consumption. Determining the
mechanisms underlying ethanol-induced behavioral plasticity, such as the direct and indirect
neuronal pathways that are affected, is central to understand alcohol abuse.

1.2 Ethanol-induced behaviors
Ethanol is the major intoxicating agent found in intoxicating alcoholic beverages. Unlike
other drugs of abuse, it has non-specific neuronal targets. Ethanol affects many neural
components yet leads to distinct behavioral responses (such as hyperactive locomotion and
1

sedation) . The acute effects of ethanol are biphasic (Kaun et al., 2011). At low or medium doses,
ethanol acts as a stimulant, where it enhances locomotor activity, mood and disinhibited behavior
in male flies. However, at high doses it acts as a depressant, where it leads to lack of motor
coordination and sedation (Kong et al., 2010). Increased feelings of pleasure, arousal and
dominance that lead to assertive behavior are often associated with binge drinking and enhanced
sexual behavior. These behaviors in combination with the disinhibition effect of ethanol
consumption may lead to violence, assault and risky sexual practice (Room and Collins, 1983).
Chronic ethanol effects, on the other hand, are mediated by adaptive changes in brain activity.
Such changes include tolerance to the depressant or sedative effect of ethanol, and behavioral
sensitization, in particular enhancement of the euphoric effect of ethanol. Behavioral
sensitization is a key behavioral plasticity associated with addiction due to the long lasting
effects which extend to the withdrawal period (Iacono et al., 2008). A better understanding of the
physiological processes behind behavioral sensitization may contribute to the development of
novel treatments against alcohol addiction.

1.3 Behavioral disinhibition
Behavioral disinhibition refers to the loss of restraint over any form of behaviors and is
associated with substance use disorders (Iacono et al., 2008). Behavioral disinhibition might
result from frontal lobe damage or genetic influences, or as a consequence of alcohol
consumption and other types of drugs (Chelune et al., 1986). It is commonly seen in our culture
that alcoholic beverage consumption not only make a person feel different, but also removes
social constraints, leading to unpredictable and sometimes harmful behavior. Often ethanolinduced behavioral disinhibition is overlooked and underestimated by our society; however, this
2

phenomenon should be taken very seriously. The reason for this is that such disinhibition often
leads to acts of aggression, violence and other risky types of behaviors (e.g. unprotected sex and
sexual assaults). Furthermore, such behaviors are often unpredictable and difficult to assess in
clinical settings. Behaviors of disinhibition range from mirth to aggression. In most extreme
cases, ethanol-associated behavioral disinhibition can lead to suicidal urges, mania episodes,
violent assaults and inappropriate sexual approaches. According to the literature, distinct and
unpredictable interactions among the individual (host), alcohol (agent) and environment (social
situational context) are integrated differently to yield a wide array of unpredictable disinhibited
behaviors (Room and Collins, 1983). Defining the mechanisms that mediate ethanol-induced
behavioral disinhibition, however, has become a challenging task in the clinical setting due to
its heterogeneous nature. Thus, an adequate animal model to study the neural and cellular
mechanisms for behavioral disinhibition is critical.

1.4 Behavioral sensitization
Sensitization is a state in which the response to second stimuli is greater than the
response to the original; one of the ways in which people could develop addiction is through
behavioral sensitization to the positive effects of substances such as food and drugs. Sensitization
is known to be a large contributor to the development of drug addiction since drug stimuli induce
greater rewards and response values with repeated administrations (Hunt and Lands, 1992).
Sensitization involves persistent neuronal changes that occur as a consequence of drug
experience through reinforcement of synaptic transmission at the level of the VTA, medial
prefrontal cortex, and nucleus accumbens in mammals (Steketee and Kalivas, 2011). Mice that
3

were repeatedly exposed to ethanol exhibited a sensitized behavioral response to cocaine (Itzhak
and Anderson, 2008); whereas mice that had undergone chronic exposure to amphetamine were
sensitized to morphine (Vezina and Stewart, 1990). These and other studies (Cadoni et al., 2001;
Lett, 1989) suggest common neural mechanisms underlying the development of behavioral
sensitization to drugs of abuse. In addition to the mesolimbic system, the hippocampus has been
implicated in the development of behavioral sensitization (Wolf et al., 1995). Moreover, the most
studied trait for sensitization is hyper-locomotor activity induced by ethanol, cocaine and other
stimulants (Phillips et al., 2011); however, other types of behavioral sensitization such
disinhibited courtship behavior, in drug addiction have been overlooked. Behavioral sensitization
provides a model for the study of long-term behavioral and neural plasticity related to drug or
alcohol abuse and addiction. Robinson and colleagues (Robinson and Berridge, 1993) proposed
the incentive sensitization theory that repeated exposure to addictive drug induces enduring
changes in the mesolimbic dopaminergic system, which in turn regulates the motivational drive
to stimuli. According to this theory, drug-induced neuroplasticity makes the mesolimbic circuits
hypersensitive even after long periods of abstinence (Robinson et al., 2012; Robinson and
Berridge, 1993). Such phenomenon explains the pathological motivation underlying relapse in
drug addicts or alcoholics. While a lot of progress has been made on locomotor sensitization
related to drugs of abuse, the mechanisms underlying other types of behavioral sensitization are
absolutely unknown. Alcohol consumption not only has acute behavioral effects of violence and
engagement in risky behavior, it also affects long lasting neural and cellular activities related to
sensitization of such behaviors. This happens by increasing the release of second messengers in
the signaling pathway, which may in some cases result in fatal or extreme consequences (e.g.
suicide, drink/drive and sexual assaults).
4

1.5 Drosophila model
To understand the neurobiological basis of ethanol-associated behaviors, the fruit fly is
an excellent model since it allows for easy genetic manipulation for the study of the neural,
cellular and molecular mechanisms and behavioral characterizations. The fly brain is
architecturally simpler than the mammalian brain, yet mediates many of the sophisticated
behaviors observed in mammals including humans. Fruit flies also possess a small genome and
have a relatively short life span (~2 months), making it easier to generate and maintain a large
number of genetically heterogeneous offspring. Furthermore, the neural and molecular pathways
that mediate ethanol induced behaviors are evolutionarily conserved from flies to mammals
(Flagel et al., 2010). Therefore, studies performed in Drosophila has biomedical relevance and
are likely applicable to its mammalian counterparts.

1.6 Drosophila and ethanol
In their natural habitat, flies eat, mate and lay eggs in fermented food and plants
containing 5-6% of ethanol (Azanchi et al., 2013). Fruit flies and mammals show similar
behavioral responses to ethanol consumption and share common molecular pathways regulating
these responses. Most importantly, intoxicated flies display many of the same behaviors
observed in intoxicated humans. With low ethanol doses, flies exhibit behaviors of disinhibition
and hyperactive locomotor activity. With high ethanol doses, flies show lack of motor
coordination and ultimately, sedation (Baker et al., 2001). Similar to humans, susceptibility to
alcohol use is highly associated with increased sensitivity to the stimulant effects. Wild type
male flies show greater resistance to the sedative effects of ethanol (Devineni and Heberlein,
5

2012). Such phenomenon is comparable to humans and the higher incidence of male alcohol
consumption worldwide (Rehm et al., 2012). Chronic exposure to ethanol leads to the
development of tolerance to ethanol’s sedative effects in both humans and flies (Rodan and
Rothenfluh, 2010). Also, sensitization to the ethanol-induced behavioral disinhibition is observed
with recurrent exposures (Lee et al., 2008). (Ethanol doses administered to flies were comparable
to the intoxicating doses of ethanol commonly used in mammalian system studies).
Drosophila and mammals share the molecular pathways regulating ethanol-related
behaviors. Several signaling pathways have been implicated in regulating ethanol-induced
sensitivity to motor impairment, behavioral disinhibition and the adaptive changes in brain
activity. Studies of fly mutants indicate the central role of the EGFR and cAMP pathways in
ethanol’s sedative effect (Devineni et al., 2011; Moore et al., 1998). The major regulators of
neuronal activity, GABAB receptors and Big Potassium (BK) channels have also been implicated
in regulating ethanol-induced sedation in mice (Pietrzykowski et al., 2008; Rodan and
Rothenfluh, 2010; Yuan et al., 2008). In addition to GABA, the neuromodulator DA also
regulates ethanol-induced behaviors in both flies and mammals. DA regulates motor activity
through D1 receptors (Bainton et al., 2000; Kong et al., 2010). Furthermore, regulation of the
Notch signaling pathway by scabrous is important not only for the formation of ethanol reward
memories in flies but also for functional plasticity in the mouse central nervous system (CNS)
(Söderpalm et al., 2009). Taken together, these findings suggest that the fruit fly is ideally suited
as a model system for alcohol addiction-related research.

6

1.7 DA and ethanol
Ethanol, like many other reinforcing agents (such as cocaine and opiates) interacts with
the dopaminergic system. However, a relationship of this system to ethanol’s behavioral
disinhibition and sensitization effects remains to be elucidated. The mammalian mesolimbic DA
pathway is one of the most intensely studied neural circuits in regards to ethanol abuse and
addiction (Söderpalm et al., 2009). In mammals, ethanol consumption results in increased
extracellular DA, which in turn regulates many ethanol-induced behaviors (Söderpalm et al.,
2009). For example, Watson and colleagues (Watson, 1992) have shown that low doses of
ethanol (0.125 to 0.5g/kg) produce a dose dependent increase in DA firing in the ventral
tegmental area (VTA) of the rat. Notably, silencing dopaminergic neurotransmission in fruit flies
impairs retrieval, but not acquisition of ethanol reward memory (Kaun et al., 2011). The
dopamine system plays a leading role in drug addiction via several DA receptors. Administration
of a D1 receptor agonist into the nucleus accumbens (NAc) of mice resulted in an increased
sensitized response to chronic ethanol. Blocking the dopamine D1 receptor leads to suppression
of stimulant effects and a decrease in ethanol self-administration in rats (Cohen et al., 1997).
Moreover, D1 and D3 knockout mice showed reduced ethanol related sensitization with repeated
chronic ethanol consumption (Harrison and Nobrega, 2009). Clarifying the neural sites where
DA acts on specific DA receptors and the downstream signaling pathways is central to better
understand the mechanisms of alcoholism.

7

1.8 DA and behavioral disinhibition
D1-type and D2-type DA receptors have opposing roles in disinhibited behavior (Van
Gaalen et al., 2006). For example, D2 antagonist reduces amphetamine’s effect on impulsive
choice in a delayed reward task while D1 antagonist enhances it (Flagel et al., 2010). In addition,
pharmacological enhancement of dopamine activity leads to high abnormal inter-male courtship
in fruit flies (Liu et al., 2008). Beyond involvement of DA, the specific neural circuits and
cellular mechanism involved in disinhibited behaviors remain to be elucidated.

1.9 DA and Drosophila
In the fly DA is synthesized from tyrosine by the rate-limiting enzyme tyrosine
hydroxylase (TH) as in mammals. Flies with mutation in TH have undetectable DA levels in the
brain and show significant impairment in learning and memory (Kim et al., 2007). DA neurons
innervate distinct brain structures, such as the ellipsoid body (EB, similar to external and internal
globus pallidus of the basal ganglia in the mammalian brain) and the mushroom body (MB;
similar to hippocampus). MB is an important brain structure mediating multiple behaviors such
as olfactory processing, learning, memory, ethanol-induced hyper-locomotion and conditioned
ethanol preference (Aso et al., 2014). The DA system in Drosophila and mammals consists of
D1 and D2 receptors, as well as DA transporter (DAT), which uptakes extracellular DA from the
synaptic cleft. D1 receptors (dDA1/D1, DAMB/D5, and DopEcR) enhance cAMP levels. On the
other hand, D2 receptors (dD2R/D2 that encodes for three isoforms) inhibit the increase in
cAMP (Kim et al., 2007). In Drosophila, distinct ethanol-induced behaviors can be mapped to
several neural sites such as the MB and peptidergic neurons (Rodan et al., 2002). However, the
8

receptors and neural sites mediating ethanol-associated behavioral disinhibition and sensitization
need to be identified.

1.10 Neurosteroids
Many steroids act on the nervous system, modulating neuronal excitability. Such steroids
are commonly referred to as neurosteroids and include the progesterone derived
allopregnanolone and tetrahydrodeoxycorticosterone (THDOC), the testosterone derived
androstanediol and 17β-estradiol (Etgen and Pfaff, 2010; Leavitt and Clark, 1979). In mammals,
neurosteroids perform both genomic and rapid, non-genomic actions to regulate several
neurophysiologic and behavioral processes (Etgen and Pfaff, 2010) including cognition, stress,
and sexual and feeding behaviors (Watson, 1992). However, a steroid hormone’s function in
behavioral disinhibition and drug addiction is not yet elucidated.

1.11 Steroid Hormones and Drosophila
Fruit flies possess two major hormones, ecdysone (Ecd) and juvenile hormone (JH).
Ecdysone is a steroid hormone produced in the prothoracic glands and shares similar
characteristics to the mammalian steroid hormone 17β-estradiol (Schwedes et al., 2011).
Ecdysone acts through both nuclear and membrane receptors, either causing changes in gene
expression or activating intracellular signaling cascades. Ecdysone nuclear receptors (EcRs) are
widely expressed in peripheral tissues and the CNS and function as ligand activated transcription
factors (Schwedes et al., 2011). EcRs not only controls developmental processes such as larval
molting and metamorphosis (Evans et al., 2009) but also regulates adult behavior and
9

physiology. In male flies, EcRs modulate male sexual behavior, where EcR deficient males show
enhanced inter-male courtship (Dalton et al., 2009; Ganter et al., 2007). In adult female flies,
EcRs’ function is required for oogenesis and oviposition (Carney and Bender, 2000). In both
males and females, EcRs are involved in stress resistance and potentiates memory formation and
recall (Ishimoto and Kitamoto, 2014). These findings indicate the importance of nuclear EcRs in
behavioral and physiological processes in Drosophila.
Most of the rapid non-genomic actions of steroid hormones are mediated by the Gprotein coupled receptor (GPCR) activity. GPCRs often modulate neuronal activity via complex
signaling cascades, resulting in strong amplification of the initial neuronal response. The orphan
vertebrate GPCR, GPR30, is activated by 17β-estradiol and shares signaling and
pharmacological

similarities

with

the

ecdysone

activated

GPCR

from

Drosophila,

Dopamine/ecdysone receptor (DopEcR) (Evans et al., 2014). This novel membrane receptor
binds both dopamine and ecdysone steroid hormone, with higher affinity for binding ecdysone
(Figure 1) (Evans et al., 2009). Dopamine binding leads to enhanced cAMP and phosphorylation
of Akt via activation of the PI3Kinase pathway whereas ecdysone binding activates the
MAPKinase pathway. DopEcR is involved in the regulation of distinct behavioral and
physiological processes such as long-term courtship memory, innate immune response, control
of the sleep/wake cycle, response to stressful social interactions and longevity (Abrieux et al.,
2014; Evans et al., 2014; Ishimoto and Kitamoto, 2014; Ishimoto et al., 2013). Petruccelli and
colleagues recently discovered that DopEcR also plays a crucial role in ethanol-induced sedation
and locomotion, where DopEcR suppresses EGFR/ERK signaling; leading to ethanol-induced
sedation (Petruccelli et al., 2016). Our study provide important information regarding additional
function of DopEcR in ethanol-induced behaviors.
10

Figure 1. The dopamine/ecdysone G-protein coupled receptor has affinity for binding ecdysone
steroid hormone and dopamine neurotransmitter
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1.12 Overarching goal and aims of the thesis
The overarching goal of my thesis work is to elucidate the role and mechanism of
DopEcR in ethanol-associated behaviors. To achieve the goal, I first characterized the flies
deficient in DopEcR in the behavioral assay Flypub (Aim 1). Secondly (Aim 2), I examined the
expression pattern of the DopEcR for the study identifying the functional site(s) of DopEcR in
ethanol-induced behaviors. To identify functional sites (Aim 3), I used double-stranded RNA
interference (RNAi) to knockdown DopEcR in a brain structure specific manner and the DopEcR
knockdown flies were tested in FlyPub. In addition, DopEcR expression was reinstated
transgenically in the DopEcR mutant using the GAL4/UAS, TARGET Gal80ts and Gene-Switch
systems for the controlled temporal and spatial rescue of the ethanol-associated behavioral
phenotype. In an effort to identify the mechanisms underlying ethanol-induced behavioral
plasticity involving DopEcR, I examined expression of the postsynaptic density protein DLG
(homolog of PSD-95 in the mammalian brain) (Camp et al., 2011; Roche, 2004; Yao et al.,
2004). These studies together revealed the critical role of DopEcR in ethanol-induced behavioral
disinhibition and sensitization, and this phenotype may be due to altered neuronal signaling in
the MB neurons. This study provides a key foundation to elucidate the relevant cellular and
molecular mechanisms.

12

CHAPTER 2
MATERIALS AND METHODS
2.1 Drosophila strains and culture
Fly stocks were housed in plastic vials containing 7 ml of standard con-meal agar medium. Flies
were reared at 250C with 50% relative humidity under 12 hour light/12 hour dark cycles. Two-day-old
flies were collected under carbon dioxide (CO2); a randomly chosen group of 33 male flies per genotype
was housed together for two more days to clear potential effects of CO2. Four to five-day old male flies
were used for all behavioral tests.

2.2 Immunohistochemistry
For DopEcR immunoreactivity, 4-5 day-old adult brains were dissected in PBS, where
cuticle and all trachea around the brain were removed. Dissected brains were individually fixed
with 2% PLP (Periodate-lysine-paraformaldehyde fixative) at room temperature for 20 min and
then rinsed three times in 1X PBHT w/ Triton X-100 for 10 min each. The brain tissue was then
solubilized in 1% Triton X-100 in PBHT for 1 h. at room temperature. To block background
signal from endogenous biotin, the Endogenous Biotin-Blocking Kit (Molecular Probes, Life
Technologies) was used according to the manufacturer’s instruction. The brains were then
incubated in the blocking solution (1% Bovine Serum Albumin in PBS) for 2 h at room
temperature before incubation with the polyclonal rabbit anti-DopEcR antibody (1:100 diluted in
the blocking solution) at room temperature for 24 h and then washed 4 times for 1 h in PBHT. To
amplify signals, we used a Tyramide Signal Amplification Kit (Molecular Probes, Life
Technologies). Images were taken using a Zeiss LSM 700 confocal microscope. After
13

acquisition, images of optical sections were analyzed using ImageJ software (downloaded from
https://imagej.nih.gov/ij/).
For DLG immunoreactivity, brains were dissected, fixed and solubilized with the same
procedures mentioned above. Brains were blocked in 5% normal goat serum (NGS) for 2 h in
PBHT and incubated with the polyclonal mouse anti-DLG antibody (1:1000, DSHB, Iowa City,
Iowa) at room temperature for 24 h. Brains were washed 4 times for 1 h in PBHT and incubated
with an Alexa 488 conjugated goat anti-mouse IgG (Molecular Probes; Invitrogen) for 2 h at
room temperature. Images were taken using a Zeiss LSM 700 confocal microscope. After
acquisition, images of confocal stacks were analyzed using ImageJ software.

2.3 Behavioral assay-Flypub
To investigate the effects of acute and chronic ethanol exposure, our lab created an assay
for mild ethanol delivery (Lee et al., 2008). Male fruit flies were exposed to ethanol every 24
hours for 6 consecutive days in plastic chambers known as fly pubs (Figure 2). During the
experimental procedure, 4-5 day old male flies were gently transferred to a plastic chamber with
a clear ceiling and an open bottom. This novel apparatus allows for videotaping behavior on the
top and administering ethanol at the bottom of the pub. Prior to ethanol exposure, flies were
acclimated to the apparatus for 10 min after being transferred. A small petri dish containing a
cotton pad with 1 ml of 95% ethanol was inserted into the bottom opening of the pub for 30 min
by which time flies were fully sedated. Drosophila males normally court female flies with a
stereotyped courtship ritual (Baker et al., 2001; Greenspan and Ferveur, 2000; Manoli et al.,
2005) but rarely show courtship activity towards other males. However, upon exposure to an
14

escalating level of ethanol, wild-type Canton-S males actively court other males in a similar
manner to that with females (Lee et al., 2008). This type of disinhibited behavior increases with
continuous ethanol exposures that represent behavioral sensitization.

2.4 Data analysis
When exposed to ethanol, male flies show sequential changes in behavior with time.
Hyperactive locomotor activity is followed by courtship and loss of motor control, subsequently
ending in sedation at ~30 min. On the second and subsequent ethanol exposures, flies exhibit
active courtship behaviors towards other males in the pub, which is rarely observed in the
absence of ethanol. To analyze the ethanol-induced courtship activity, the recorded videos were
monitored for courtship activity. The maximum number of males engaged in active courtship for
30s (1 block) and the average of the 10 consecutive highest blocks was used to calculate the
percent males engaged in courtship for each group. All data were analyzed and recorded in
Microsoft Excel 2013. All data are reported as mean ± standard error of the mean (SEM).
Statistical analyses were performed using Minitab 16 software (Minitab Inc., State College, PA).
Normality tests were conducted for all individual data sets using the Anderson-Darling test.
Normally distributed data were analyzed by ANOVA or student’s t-test while non-normally
distributed data were analyzed by Kruskal-Wallis or Mann-Whitney tests.
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Figure 2. A flypub is a plastic chamber with a clear ceiling and a middle mesh that has an open
bottom for administering ethanol vapor (right image). 30-33 male flies are collected on day 1 under
CO2 and left to rest for two days. Aged flies are blindly tested and exposed to ethanol vapor for six
consecutive days.
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CHAPTER 3
RESULTS
3.1 Characterization of DopEcR mutants
3.1.1 DopEcR mutants are resistant to the sedative effect of ethanol
To characterize the role of DopEcR in ethanol induced sedation, we tested flies deficient
in DopEcR using the behavioral assay Flypub (Figure 2). To do so, we used two DopEcR mutant
alleles and a chromosomal deficiency line that removes multiple genes including DopEcR on the
chromosome 3L. To analyze initial sensitivity, the wild type Canton-S and DopEcR mutants
DopEcRc02142 (der), Mi{MIC}DopEcRMI02790 ([MIC]der) and the Df(3L)E8098/der (Df/der) transheterozygote were exposed to ethanol vapor until sedation occurred (~30 min). After ~12-15 min
of ethanol exposure, they showed loss of postural control and fell on their backs, which is a sign
of complete ethanol-induced sedation. Number of sedated flies are counted every 2 minutes, until
all of them are asleep, to obtain the mean sedation time (MST) of the group of the flies in a pub.
Wild-type Canton-S flies had MST of approximately 15 min on the first ethanol exposure.
Interestingly, all DopEcR mutants exhibited MST of 18-20 min, which is significantly different
from that of Canton-S (Figure 3 ***, p<0.0005 by Kruskal Wallis test; n=7-20) (Figure 4, see figure
legend for significance, n=7-20) . This indicates that the DopEcR mutants are more resistant to the

sedative effect of ethanol.
We next tested tolerance development to the sedative effect of ethanol. As shown in
Figure 4, all DopEcR mutants developed tolerance to repeated ethanol exposure. To quantify
tolerance, we calculated the tolerance index (TI) by the formula shown below, which represents a
percent change from the first exposure (E1) to the next (E2). While der mutant flies (piggyBac
17

insertion mutation on the second intron of DopEcR gene) had a significantly lower TI, the other
DopEcR mutants [MIC]der (insertional Minos mediated mutation in the second intron of
DopEcR gene) and Df/der (transheterozygote mutant line) had TIs comparable to that of CantonS (Figure 5; **, p<0.005 by Kruskal Wallis test, n=7-20). This suggests that DopEcR may not be
involved in tolerance development and the lower TI of der mutant flies may be due to a subtle
difference in the genetic background.

TI= (E2-E1)/E1*100
E2= MST from Exposure 2

E1=MST from Exposure 1

Taken together, our data suggest that DopEcR plays a role in ethanol-induced sedation
(acute exposure) but not in tolerance development (chronic). A recently published study by
Petruccelli and colleagues (Petruccelli et al., 2016) is consistent with our results.
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Canton-S

Df/der
Df/der

der

[MIC]der
[MIC]der

Figure 3. DopEcR mutants are less sensitive to the sedative effects of ethanol.
Naïve male flies were exposed to ethanol vapor until sedation occurred. Sedated flies are counted
every 2 minutes to obtain average initial sensitivity (min) value.
(***, p<0.0005 by Kruskal Wallis test; n=7-20)
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Df/der
[MIC]der

Figure 4. DopEcR mutants show normal tolerance development to the sedative effects
of ethanol. Male flies were exposed to ethanol vapor until sedation occurred, for six consecutive
days. Sedated flies are counted every 2 minutes to obtain average mean sedation value (MST). All
mutants are significantly different to wild-type control on exposure day one (***, p < 0.0005 by
Kruskal Wallis test), day two (der p <0.05, *), (Df/der and [MIC]der, p<0.005, **) by Kruskal
Wallis test; day three all mutants show significant difference (*, p<0.05 by Kruskal Wallis). On day
six only [MIC]der mutants show significant difference when compared to wild-type controls (***,
p<0.0005 by Kruskal Wallis test). n=7-20
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Canton-S

der

Df/der

[MIC]der

Figure 5. der mutants show abnormal tolerance index.
To quantify tolerance, we calculated the tolerance index (TI), which represents a percent change from
the first exposure (E1) to the next (E2). While der mutant flies had a significantly lower TI, the other
DopEcR mutants [MIC]der and Df/der had TIs comparable to that of Canton-S.
(**, p<0.005 by Kruskal Wallis test). n=7-20
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3.1.2 DopEcR mutants show reduced levels of inter-male courtship and altered
sensitization
As noted above, fruit flies do not typically show courtship toward same sex partners.
Upon daily ethanol administration, Canton-S males exhibited disinhibited courtship, which was
evident from the 2nd ethanol exposure (Lee et al., 2008). This behavior was augmented with
additional exposures (Figure 6). To investigate the role of DopEcR in ethanol-induced behavioral
disinhibition, we chronically exposed the DopEcR mutants der, [MIC]der and the Df/der transheterozygote along with the genetic control Canton-S to ethanol for six consecutive days. The
der homozygous and Df/der trans-heterozygote flies showed diminished ethanol-induced
disinhibited courtship, which did not significantly increase with repeated exposures (Figure 7A).
This suggests that male flies require functional DopEcR for ethanol induced behavioral
disinhibition and sensitization. Interestingly, the [MIC]der mutant exhibited normal ethanolinduced behavioral disinhibition and sensitization (Figure 7A). This is in contrast to the
observation that [MIC]der had abnormal sensitivity to the ethanol’s sedative effect. This
suggests that the nature of mutation in [MIC]der is different from that of the der mutant. We also
examined the der (der/+), deficiency (Df/+) and [MIC]der/+ heterozygous mutants to clarify
whether diminished sexual disinhibition or sensitization was haploid sufficient. der
heterozygotes, but not the other DopEcR heterozygous mutant lines exhibited significantly
reduced inter-male courtship compared to the control Canton-S flies only on the 6th exposure
(Figure 7B). These results suggest that the nature of mutation in the der mutant may be dominant
or DopEcR may be haploid insufficient for behavioral sensitization.
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Figure 6. Canton-S flies exhibit inter-male courtship and sensitization with chronic ethanol
exposure. The percentage of courtship was determined by averaging maximum numbers of males
engaged in courtship for 5 consecutive minutes (***, p<0.0005 by ANOVA; n=10)
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A

Canton-S
der
Df/der
[MIC]der

B

Canton-S
der/+
Df/+
[MIC]der/+

Figure 7. der mutants exhibit low levels of ethanol-induced disinhibited courtship.
(A) der homozygous and Df/der trans-heterozygote flies showed diminished ethanol-induced disinhibited
courtship, which did not significantly increase with repeated exposures. [MIC]der mutant exhibited normal
ethanol-induced behavioral disinhibition and sensitization (***, p<0.0005 by Kruskal Wallis; n=7-20). (B)
Only der heterozygous mutant allele showed altered levels of ethanol-induced behavioral disinhibition and
sensitization with recurrent exposures (***, p<0.0005 by Kruskal Wallis; n=7-20)
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3.2 DopEcR expression pattern and functional sites for ethanol-induced behavioral
disinhibition

The GAL4/UAS system
The GAL4/UAS binary system allows for tissue specific expression of transgenes (Brand
and Perrimon, 1993). The yeast transcription factor GAL4 activates transcription of a specific
gene cloned downstream of the Upstream Activating Sequence (UAS) (Figure 8). This bipartite
system allows for temporal or spatial expression of transgenes of interest. This system is a
powerful tool used for the analysis of many gene functions in Drosophila melanogaster.

3.2.1 DopEcR expression pattern in Drosophila melanogaster adult brain
Kitamoto and colleagues (Ishimoto et al., 2013) generated a Gal4 driver containing the
putative enhancer/promoter for the DopEcR gene to gain insight into the endogenous expression
pattern of DopEcR in the adult fly brain. Green Fluorescent Protein (GFP) reporter gene
expression driven by DopEcR-Gal4 was observed in several brain structures that include the MB,
a subset of the antennal lobe glomeruli and neuronal processes in the subesophageal ganglion
(Ishimoto et al., 2013) (Figure 9).
GFP reporter gene expression driven by DopEcR-Gal4 may not represent the authentic
expression pattern of DopEcR since the enhancer/promoter element used to make the DopEcRGAL4 could be partial, meaning that there are still a possibility of other areas that remain to be
discover. To identify the endogenous expression pattern of DopEcR in the adult fly brain, we
generated a polyclonal antibody against DopEcR. DopEcR immunoreactivity was observed in
the subesophageal ganglion (SEG) and the α'/β' MB lobes, brain structures important for
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learning, memory and other behavioral plasticity (Figure 10A) (Heisenberg, 1998). DopEcR
immunoreactivity was absent with the no primary antibody control (Figure 10B). This is a work
in progress since overall DopEcR immunoreactivity was low and inconsistent among stained
brains. Nevertheless, our data are consistent with the DopEcR-GAL4 expression pattern. Future
studies will clarify changes in DopEcR expression in the der, [MIC]der and Df/der transheterozygote flies used for behavioral studies.

E
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Figure 8.The UAS/GAL4 system in Drosophila.
Female flies that carry the Upstream Activating Sequence are mated with male flies carrying a tissue
specific GAL4 driver. Presence of the GAL4 enhancer and UAS responder in the progeny drive tissue
specific expression of the target gene.
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Figure 9. DopEcR GAL4 expression pattern in de adult CNS.
Adapted from Ishimoto et al., 2013
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A

MB

SEG
G
B

Figure 10. DopEcR expression in the whole-mount
CNS of the adult Drosophila brain. (A) DopEcR
immunoreactivity was observed in the subesophageal
ganglion (SEG) and the α'/β' MB lobes. (B) DopEcR
immunoreactivity was absent with the no primary
antibody control
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3.2.2 DopEcR functional site for ethanol-induced behavioral disinhibition
Spatial Knockdown of DopEcR
To identify the sites within the nervous system in which DopEcR is required for ethanolinduced behavioral disinhibition and sensitization, we tested different GAL4 lines that drive
expression of DopEcR in distinct neuronal subsets (see Table A1 for GAL4 lines used; (Abrieux
et al., 2013; Abrieux et al., 2014; Ishimoto et al., 2013; Pfeiffer et al., 2008). Using the RNAi
silencing technique, we knocked down DopEcR in distinct MB areas in both the wild-type
(Figure 11; **, p<0.005 by ANOVA; n=6) and der heterozygous backgrounds (Figure 12; ***,
p<0.0005 by ANOVA; n=6). For this experiment, we used both Canton-S (positive control) and

UAS-DopEcR-RNAi/UAS-GFP as a transgene control. In addition, we used the pan-neuronal
GAL4 driver elav-GAL4 to knockdown DopEcR in all CNS neurons and five GAL4 lines with
expression in the distinct subsets of the MB neurons (Figure 11A). Our results showed that panneuronal DopEcR knockdown (elavGAL4/UAS-RNAi) led to deficient ethanol-induced
behavioral disinhibition. Surprisingly, knocking down DopEcR expression in α, β and γ neurons
(247GAL4/UAS-RNAi) but not in individual subsets of the MB (np1131-GAL4, c305a-GAL4 or
c739-GAL4) or in all MB neurons (ok107-GAL4/UAS-RNAi) (Figure 11A and 11B) suppressed
ethanol-induced disinhibited courtship. Furthermore, DopEcR knockdown in RNAi/der
heterozygotes further enhanced the phenotype (Figure 12A and 12B). These data suggest that
DopEcR mediates ethanol-induced behavioral sensitization in the MB α, β and γ neurons. OK107
GAL4 is inserted in the MB gene eyeless, affecting eyeless expression. It is possible that the
affected eyeless function counteract with the effect of DopEcR knockdown. This possibility
needs to be tested in future study. Future studies aim to clarify a putative phenotype in
ok107Gal4 alone (this was not the case for MB247GAL4 line which was previously tested).
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A

B

Figure 11. Spatial knockdown of DopEcR in the wild type background. (A) DopEcR knockdown
in the Canton-S wild type background. Pan-neuronal DopEcR (elavGAL4;UAS-RNAi) and MB α, β
and γ (MB247GAL4;UASRNAi) knockdown led to deficient ethanol-induced behavioral
disinhibition. (B)Significant results from Figure 11A. (**, p<0.005 by ANOVA; n=6)
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A

B

Figure 12. Spatial knockdown of DopEcR in the heterozygous mutant background. DopEcR

knockdown in RNAi/der heterozygotes further enhanced the loss of ethanol-induced
disinhibited behavior phenotype in elavGAL4;UAS-RNAi/der and MB247GAL4;UASRNAi/der. (B) Significant results from Figure 12A (***, p<0.0005 by ANOVA; n=6)
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Spatial Restoration of DopEcR expression
To establish that the phenotype of the receptor mutant is due to the absence of DopEcR
function, we employed the GAL4/UAS system to induce transgenic DopEcR expression in der
homozygous mutant background using GAL4 drivers with distinct expression patterns. Guided
by our previous behavioral results, effects of pan-neuronal and MB reinstatement of DopEcR
were first examined. The expression patterns of the GAL4 lines used to restore DopEcR’s
function are shown in Figure 13. Notably, the ethanol-induced behavioral disinhibition and
sensitization phenotype of der mutants was completely rescued when reinstating DopEcR
expression in all neurons using elav-GAL4 (Figure 14). However, only partial restoration of the
DopEcR function was observed when reinstating the receptor expression in the MB α, β and γ
neurons using 247-GAL4. Surprisingly, we could not rescue the phenotype using the MB driver
ok107. This is consistent with our notion that eyeless and DopEcR have opposing functions in
ethanol-induced behaviors under study. Additional experiments need to be performed using
independent GAL4 drivers that have similar expression patterns as ok107-GAL4. Our rescue
experiments suggest that the MB α, β and γ neurons are the important neural sites for DopEcR
function in ethanol-induced behavioral disinhibition and sensitization, which is consistent with
the DopEcR knockdown results. Incomplete rescue could be due to the expression level of the
transgenic DopEcR that may be inadequate for the behaviors.
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OK107GAL4/UAS-GFP
ELAVGAL4/UAS-GFP

MB247GAL4/UAS-GFP

Figure 13. Expression patterns of pan-neuronal and MB GAL4 lines.
All GAL4 drivers were crossed with UAS-GFP to drive expression of GFP in different subsets of the
CNS. ElavGAL4/UAS-GFP drives expression of GFP in all neurons. Subsequently, ok107GAL4
strongly labels the α/β, α’/β’ and γ lobes. MB247-GAL4 labels α/β and γ lobes (in addition to glial
cells).

34

Figure 14. Spatial restoration of DopEcR.
Partial restoration of the DopEcR function was observed when reinstating the receptor expression in
the MB α, β and γ neurons using 247-GAL4. Surprisingly, we could not rescue the phenotype using
the MB driver ok107. (*, p<0.05; **, p<0.005; ***, p<0.0005 by Kruskal Wallis; n=8)
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Spatial/Temporal Restoration of DopEcR
To identify whether DopEcR’s role is physiological (meaning it exerts its functions at the
time of ethanol exposure), developmental (meaning that DopEcR functions in developmental
processes of synaptogenesis and changes in gene expression to mediate ethanol-induced
behaviors during adulthood), or both, we used the temperature sensitive Gal80 repressor and
Gene-Switch GAL4 systems (McGuire et al., 2004) (see Table A1). It´s important to clarify that,
unlike mammals, flies become adults as soon as they´re eclosed.
Conventionally, the GAL4 protein binds to the UAS and activates the transcription of the
downstream gene. The temperature sensitive GAL80 (GAL80ts) represses GAL4 transcriptional
activity at 20o C, but becomes inactive at 30o C. This TARGET system allows for GAL4/UAS
activity under a temporal control. (Figure 15). We used the TARGET system to restore DopEcR
expression in the MB neurons during development only (before eclosion). For this, we
maintained developing larvae and pupae at 30o C to induce GAL4 activity during development.
After eclosion, flies were reared at 20o C to repress GAL4/UAS activity during adulthood. With
this manipulation (i.e. reinstating DopEcR function during development), ethanol-induced
behavioral disinhibition was not restored (Figure 16; *, p<0.05; ***, p<0.0005 by ANOVA; n=6).
Moreover, we repressed GAL4/UAS activity during development by rearing der mutants
containing 247-GAL4, UAS-DopEcR and GAL80ts at 20o C during development and induced
GAL4 activity by rearing the adult flies at 30o C right after eclosion to activate DopEcR
expression. With this manipulation (i.e. reinstating DopEcR in the MB neurons during
adulthood), deficient ethanol-induced behavioral disinhibition was completely rescued (Figure
17; *, p<0.05; by ANOVA; n=6). These results indicate that DopEcR acts physiologically, rather
than developmentally to induce behavioral disinhibition and sensitization. In other words,
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DopEcR function is needed at the time of ethanol exposure to mediate behavioral disinhibition
and sensitization with recurrent exposures. Interestingly, we observed reduced disinhibited
courtship levels in Canton-S throughout ethanol exposures. We believe that the temperature
changes influence ethanol-induced courtship disinhibition and sensitization.
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Figure 15. The TARGET system.
The GAL4/UAS system is regulated by a temperature-sensitive GAL80 repressor. When at 20 ℃, the
transcription of target gene is repressed. In contrast, when at 30 ℃, target gene is expressed in specific
tissues dictated by GAL4 driver. This system allows for GAL4/UAS activity under a temporal control.
(Adapted from Mcguire et al., 2004)
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Figure 16. Spatial/Temporal induction of DopEcR during development.

Ethanol-induced behavioral disinhibition was not restored after restoring DopEcR expression
in the MB α, β and γ neurons during development. (*, p<0.05; ***, p<0.0005 by ANOVA; n=6)
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Figure 17. Spatial/Temporal induction of DopEcR during adulthood.
Ethanol-induced behavioral disinhibition was restored after restoring DopEcR expression in the MB α,
β and γ neurons during adulthood. (*, p<0.05; by ANOVA; n=6)
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In order to confirm our results obtained from the TARGET-mediated rescue experiments
and eliminate the temperature variable in our experimental setting, we used the Gene-Switch
GAL4 system (Figure 18). In this system, a chimeric GAL4 protein that becomes activated only
in the presence of the steroid RU486 controls the expression of UAS downstream gene
(mifepristone). To effectively demonstrate that DopEcR function in ethanol induced behavioral
disinhibition/sensitization is physiological and not developmental, we used the GeneSwitchGAL4 lines in der mutant background in which tubGS-GAL4 and MBGS-GAL4 that drive
DopEcR expression in all tissues and MB α, β and γ neurons, respectively, in the presence of
RU486 (Osterwalder et al., 2001; Roman et al., 2001). We tested flies fed with either RU486 or
vehicle as an experimental control. GFP expression driven by the GS-GAL4 lines that were
RU486- or vehicle-fed is shown in Figure 19. Experimental and control lines were either RU486
or vehicle fed for 2 days (feeding schedule is schematically shown in Figure 19).
Reinstating DopEcR expression in all tissues using tub-GS-GAL4 or in MB α, β and γ
neurons using MB-GS-GAL4 in der homozygous mutant background at the adult stage fully
restored ethanol-induced disinhibited courtship (Figure 20; *, p<0.05; by ANOVA; n=6). This
result confirms that DopEcR is important for behavioral disinhibition and sensitization at the
time of ethanol exposure and MB is a key neural site where DopEcR mediates these types of
behavioral plasticity.
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Figure 18. The GeneSwitch system.
The GAL4/UAS system is regulated by hormone induction of transgene expression using a GAL4
hormone receptor; which is activated by RU486 (Mifepristone-progesterone). Only when the hormone
is present (fed), the target gene is expressed in tissues dictated by the GAL4 driver. This system allows
for GAL4/UAS activity under a temporal control. (Adapted from Osterwalder et al., 2001)
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B

Figure 19. RU486 dependent GAL4 induction.
Upper panel. Feeding schedule for RU486 feeding for flypub experiments. Male flies were either
RU486 or vehicle fed. Lower panel. Experimental and control lines were either RU486 or vehicle fed
for 2 days. (A) RU486 induced tub-GSGAL4 driven by UAS-GFP (all tissues). (B) Vehicle fed tubGSGAL4, GAL4 activity is repressed. (C) RU486 induced MB-GSGAL4 driven by UAS-GFP (α, β
and γ neurons). (D) Vehicle fed MB-GSGAL4, GAL4 activity is repressed.
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Figure 20. Spatial/Temporal induction of DopEcR during adulthood using the Gene
Switch system. Reinstating DopEcR expression in all tissues using tub-GS-GAL4 or in MB
α, β and γ neurons using MB-GS-GAL4 in der homozygous mutant background at the adult
stage fully restored ethanol-induced disinhibited courtship (*, p<0.05; by ANOVA; n=6).
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3.3 Preliminary study on the cellular mechanism underlying ethanol-induced behavioral
plasticity
In an effort to understand the cellular mechanism by which DopEcR exerts its actions in
ethanol-induced behavior, we examined the synaptic molecule Disc-large (DLG). DLG is a
homolog of the mammalian postsynaptic density 95 (PSD-95), and is highly expressed in the MB
γ, α and α’ lobes (Figure 21). DLG, like PSD-95, is a major scaffolding protein at the synapse
(Woods and Bryant, 1991). PSD-95 regulates synaptic strength and is required to sustain the
molecular organization at the post-synaptic site (Pawson and Scott, 1997). PSD-95 is a major
scaffolding protein at the postsynaptic density in glutamatergic excitatory synapses, which are
the major sites for ethanol’s effects on behavior (Camp et al., 2011). However, the role of this
protein in ethanol-mediated plasticity has not been fully elucidated. To this end, we analyzed
changes in DLG expression in naïve (no exposure) as well as acute (1 exposure) and chronic
ethanol- exposed (6 days) fly brains. We exposed male Canton-S or der mutant flies to ethanol
for six consecutive days (chronic; 6x), one day at the last day of the chronic exposure (acute; 1x),
or none (baseline) as aforementioned. On day seven, brains were dissected and subjected to
immunostaining for DLG. Since anti-DLG labels all postsynaptic sites in the fly brain, we
obtained the average fluorescence per pixel for each specific brain structure by calculating the
ratio of the region of interest (ROI) to a representative “background area”, the anterior inferior
medial protocerebrum (AIMPR) (for details see formula below). This was done for distinct
subdivisions (lateral, lateral/medial and medial, see Figure 21 upper left panel) of the MB
gamma lobe. The results presented here are work in progress and need to be repeated with larger
sample sizes to make solid conclusions.

45

In the absence of ethanol exposure DLG expression in the antennal lobe (AL) was
elevated in the [MIC]der mutant but not in the other DopEcR mutants. DLG expression in the
AL of the Canton-S brain was decreased with chronic ethanol exposures. In contrast, DLG
expression in the AL of the Df/der transheterozygote was increased with acute and chronic
ethanol exposure. The der, Df/der transheterozygote and [MIC]der mutant brains had elevated
levels of DLG expression when compared to that in Canton-S on the acute or chronic ethanol
exposure (Figure 22; ***, p<0.0005 by Kruskal Wallis test; n=20).
Among all subdivisions of the γ lobe, medial subdivision showed most visible differences
among genotypes (Figure 23; ***, p<0.0005 by Kruskal Wallis test; n=20; refer to top panel) while
DLG expression in the lateral-medial and lateral subdivisions were highly variable and did not
show significant differences among genotypes and exposures (Figure 23, middle and bottom
panels). In the absence of ethanol exposure (0X), DLG expression in the medial γ lobes of the
der mutant strain was significantly lower than that in Canton-S (Figure 23). Notably, there were
visible, albeit statistically not significant, increases in DLG expression with ethanol exposure in
Canton-S as well as der and Df/der mutants but this tendency was not evident in the [MIC]der
mutant (Figure 23, top panel). Given that the data are yet preliminary, it is difficult to make
meaningful correlation between DLG expression and ethanol-induced behaviors. Nevertheless,
the results show that chronic ethanol exposure leads to a change in the expression of DLG in AL.
This might suggest a putative role of DLG in mediating DopEcR functions in ethanol-induced
behavioral plasticity. Further studies need to be performed to confirm the role of DLG and other
synaptic molecules in ethanol-induced behavioral plasticity.

(AU) = ROIfp/AIPMRfp
AU= Arbitrary unit of fluorescence intensity fp=fluorescence per pixel
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Figure 21. Baseline and chronic DLG expression in Canton-S and DopEcR
mutants. Quantified brain areas are shown in upper left panel. (12 brains were
dissected and quantified per genotype per exposure; each side of the brain was
treated as individual resulting in a total sample size of n=24).
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Figure 22. [MIC]der mutants show elevated DLG expression in AL. (A) In absence of ethanol exposure, [MIC]der
mutant showed elevated DLG expression in the AL; this was not seen in the other DopEcR mutants. (B) DLG expression
in the AL of the Canton-S brain was decreased with chronic ethanol exposures (top left panel). DLG expression in the
AL of the transheterozygotes Df/der was increased with acute and chronic ethanol exposures (top right panel). The der,
and the [MIC]/der mutant brains showed no difference in DLG expression with acute or chronic exposure to ethanol
(bottom right and left panel; respectively). (***, p<0.0005 by Kruskal Wallis test; n=24).
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Figure 23. DopEcR mutants show no difference in DLG expression.
(A)At baseline, DLG expression in the medial γ lobes of der mutant was significantly lower than wild-type.
There was an increase in DLG expression with ethanol exposure in Canton-S as well as der and Df/der
mutants but this tendency was not evident in the [MIC]der mutant. (B, C) DLG expression in the lateralmedial and lateral subdivisions were highly variable
49 and did not show significant differences among
genotypes and exposures (***, p<0.0005 by Kruskal Wallis test; n=24).

DISCUSSION
The ultimate goal of this research is to clarify the role of the dopamine and steroid
hormone receptor DopEcR in behavioral disinhibition and sensitization, as well as identify a
neural substrate regulating these behaviors. Our study provided evidence for the role of DopEcR,
in ethanol-induced behavioral disinhibition and sensitization. Male flies deficient in DopEcR
showed abnormal initial sensitivity, but normal tolerance development to the sedative effects of
ethanol. These results are in line with the reports by Petruccelli et al. that was recently published
(Petruccelli et al., 2016). Both studies suggest that DopEcR is a key molecule that functions to
modulate ethanol-induced sedation during acute ethanol exposure. (Figures 3-5).
In addition, we found that DopEcR mutant male flies exhibited abnormal disinhibited
courtship and behavioral plasticity upon chronic exposure to ethanol (Figures 6 and 7). This
phenotype was completely rescued by reinstating DopEcR expression in the MB neurons during
adulthood (Figure 20). These results indicate the physiological MB DopEcR’s role in ethanolinduced behavioral disinhibition and sensitization. Immunohistochemical analysis of DopEcR
expression pattern revealed that the receptor’s localization in the selective neural structures
(Figure 9). Specifically, its expression is distinct in the MB structures that modulate various
types of behavioral plasticity. The abundant DopEcR in the MB corroborates our knockdown and
rescue experiments. This study will help elucidate the signaling pathway that the unique GProtein coupled DA/ecdysone receptor mediates ethanol-associated behavioral disinhibition and
sensitization in MB.
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DopEcR ligand contributing to ethanol-induced behavioral disinhibition and/or
sensitization
DopEcR mediated signaling is initiated by binding of either dopamine or ecdysone to the
receptor on the cell surface (Srivastava, 2005). Previous research on behavioral disinhibition
suggests that increased or repeated activation of dopaminergic neurotransmission in drug users
lead to impairment in inhibitory control, resulting in increased locomotor behavior and
sensitization (Bocklisch et al., 2013; Fiorino and Phillips, 1999). Several lines of research have
demonstrated that altered dopamine neurotransmission contributes to the loss of impulse control
in individuals with Parkinson’s disease, ADHD, drug abuse and addiction (Antonelli et al., 2011;
Gilbert et al., 2006). In response to changes in DA release, specific DA receptors in distinct
neural substrates are likely involved in behavioral disinhibition and sensitization. In rodents, D1
and D2 DA receptors play pivotal, but distinct roles in mediating locomotor sensitization induced
by ethanol and other addictive drugs (Di Chiara and Imperato, 1988; Van Gaalen et al., 2006).
As aforementioned, alcohol intake is associated with behavioral disinhibition; however,
dopamine’s role in ethanol-induced behavioral sensitization remains largely unclear.
Interestingly, Petruccelli et al., (Petruccelli et al., 2016) have demonstrated that DA signaling
does not mediate ethanol-induced sedation, but ecdysone exerts its effects through DopEcR.
These results suggest that ethanol-induced sedation and behavioral disinhibition might be
mediated by the binding of ecdysone and DA, respectively. The independent DA or ecdysone
binding may trigger different signaling cascades, leading to distinct behaviors upon chronic
ethanol consumption.

51

Functional comparison between GPER1 and DopEcR
The vertebrate estrogen receptor GPER1 and the Drosophila DopEcR have been shown
to share similar signaling properties and functions. GPER1 is known to mediate the rapid, nongenomic actions of 17β-estradiol in distinct, yet unresolved brain regions (Evans et al., 2014). In
addition, GPER1 expressed in Xenopus oocytes is activated by DA in a dose-dependent manner
(Evans et al., 2014). Both GPER1 and DopEcR activate similar second messenger pathways that
are possibly acting on the scaffolding protein PSD-95 or DLG (Akama et al., 2013; Evans et al.,
2014) Our results suggest a putative interaction of DopEcR and DLG at least in the antennal lobe
of the fly brain. However, a more in-depth analysis needs to be performed in order to clarify this
notion.
Overall, limited information is available on the in vivo functions of GPER1 and relevant
neural sites. One study suggests a role of this receptor in anxiety and stress control in mice
(Kastenberger and Schwarzer, 2014) while another study demonstrates that it exerts
neuroprotective effects against DA neurodegeneration in a mouse model of Parkinson’s disease
(Al Sweidi et al., 2012; Bourque et al., 2013). Psychological experiments have linked social
anxiety with engagement in disinhibited risky behavior (Kashdan et al., 2008). This implicates
that there may be a parallel, yet undiscovered, role for GPER1 in ethanol-induced behavioral
disinhibition.

Future Directions
Future studies should aim to identify the DopEcR ligand important for ethanol induced
behavioral disinhibition and/or sensitization. This can be accomplished via knockdown of the
biosynthetic enzymes for dopamine and ecdysone. In addition, genetic interaction of the flies
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defective in DopEcR and dopamine, or DopEcR and ecdysone, can be tested. As a
complimentary approach, pharmacological treatments such as the dopamine precursor L-DOPA
or ecdysone 20E feeding to relevant biosynthetic mutants will be performed. Similar to the study
done by Petruccelli et al., the role of potential downstream effectors such as the cAMP and
EGFR/ERK signaling pathways for ethanol-induced behavioral disinhibition and sensitization
could be explored to uncover the underlying cellular mechanism. In addition to this, we need to
further clarify the role of DLG in mediating DopEcR function in ethanol-induced behavioral
plasticity, if any. We will also look at other pre and postsynaptic scaffolding proteins important
for synaptic plasticity (Fasciclin II, synapsin). The research shown is just an initial step of our
effort to elucidate the cellular mechanism behind DopEcR function in ethanol induced
disinhibition and sensitization.
This research is unique and innovative since the role of DopEcR in vivo remains largely
elusive. DopEcR is a unique dual receptor for ecdysone and dopamine, yet there are only a few
studies focusing on the receptor. Ethanol-induced behavioral disinhibition and sensitization to
this effect are serious behavioral responses that are strongly correlated to heavy drinking and
addiction yet the underlying mechanism is unknown. Since DA receptors and ethanol-associated
behaviors are highly conserved between Drosophila and mammals, the knowledge obtained from
this research will provide an important foundation to advance our understanding of the neural
and cellular mechanisms underlying the key behavioral components -behavioral disinhibition and
sensitization - for alcohol abuse and addiction, respectively.
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Appendix A
Table A1. List of transgenic lines

Wild-type control

Information

Canton- S (CS)

wild-type

Transgenic lines

Information

DopEcRc02142(a.k.a der)

piggyBac transposon insertion in the second intron of the
DopEcR gene

Mi{MIC}DopEcRMI02790

Minos transposon insertion in the second intron of the

(a.k.a. {MIC}der)

DopEcR gene

Df(3L)E8098 (a.k.a. Df )

Chromosomal deficiency that removes multiple genes on
3L, including DopEcR

Transgenic lines

Tissue/Cell type expression

elav-GAL4

Pan-neuronal driver

OK107-GAL4

all MB lobe neurons

MB247-GAL4

MB α/β and some γ lobe neurons
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NP1131-GAL4

MB γ lobe neurons

c739-GAL4

MB α/β lobe neurons

c305a-GAL4

MB α’/β’ lobe neurons

GeneSwitch-GAL4 lines

Tissue/Cell type expression

tubGeneSwitch-Gal4

All tissues

MB247GeneSwitch-GAL4

Progesterone induced, MB α/β and some γ lobe neurons

UAS lines

Gene

UAS-GFP

GFP reporter

UAS-DopEcR; der

Express DopEcR in the mutant background

UAS-DopEcR-RNAi

Double stranded RNAi for DopEcR
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